Disintegration of lignocellulosic biomass for energy purposes has been extensively studied. The study aimed to investigate the influence of crushed and uncrushed lignocellulosic biomass on the biogas production in an innovative reactor. The substrate fed to the reactor was Sida hermaphrodita silage mixed with cow manure. The bioreactor had an innovative design of the mixing cage system. The mixing system of the bioreactor consisted of two cylindrical stirrers in the form of a cage. The cages simultaneously rotate around the axis of the bioreactor at against their own axes. The bioreactor is currently presented under the Record Biomap program (Horizon 2020). The bioreactor was operated at organic compounds loading of 2 kg/(m In all experiments, the biogas comprised about 54% of methane. The net energy efficiency was calculated as well.
INTRODUCTION
Nowadays, biogas plants are substrates mainly composed of lignocellulose that is included in such materials as agricultural and forestry wastes, municipal solid waste, and herbaceous energy crops [Bhatia et al. 2017] . Lignocelluloses are composed of cellulose, hemicellulose, lignin, as well as of organic and inorganic compounds. The structure of lignocellulose is such that cellulose forms a skeleton surrounded by hemicellulose and lignin, functioning as a matrix and encrusting materials. Cellulose and hemicellulose should be converted to monosaccharides in order to enhance the fermentation and biogas production. The structure of lignocellulosic biomass hinders its decomposition. The inherent properties of biomass are crystallinity of cellulose, its accessible surface area, protection by lignin and hemicellulose, degree of cellulose polymerization, and degree of acetylation of hemicelluloses. The carbohydrate polymers are tightly bound to the lignin, mainly by hydrogen bonds but also by some covalent bonds. Lignin is the most recalcitrant component itself, and it protects cellulose and hemicelluloses by forming tight bonds which reduce the surface area available for the enzyme attack hindering degradation of the entire carbohydrate structure. Thus, degradation of untreated lignocellulose substrates usually does not exceed 20% [Kratky and Jirout 2010] . Therefore, pretreatment is a crucial process in order to eliminate the physical and chemical barriers and improve the biodegradability of carbohydrates and lignocellulose.
Recently, the co-digestion of lignocellulose biomass with animal manure has been studied. The content of VS per volume unit of slurry manure is relatively low, thus the addition of animal manure to lignocellulose biomass increases the moisture of the substrate fed to anaerobic reactor [Tsapekos et al. 2017 ]. Co-digestion of dairy cow slurry with energy rich co-substrates has shown promising results in terms of increasing the biogas yield [Zieliński et al. 2017 ]. The anaerobic digestion is also relatively stable as it benefits dairy cow slurry with many positive effects. However, animal manure has also relatively high lignocellulose content. Therefore, the pretreatment of the substrate consisting of lignocellulosic biomass and animal manure is an essential step in order to increase the cellulose and hemicellulose accessibility and hydrolysis efficiency. A lot of methods have been described in the literature. The pretreatment methods are classified as physical, chemical, physiochemical and biological. The applied method changes the biomass properties in order to increase the accessibility to cellulose. Pretreatment releases sugars, but also leads to the production of other toxic byproducts (furan aldehyde, organic acid and phenolic compounds) [Allen et al. 2010 ]. The pretreatment method should be inexpensive, as well as characterized by low energy demand and low emission of pollution. In the biogas plant, the pretreatment usually reduces the size of biomass to enhance the heat and mass transfer during the first step of fermentation, i.e. hydrolysis. The biomass size should be reduced to 1-2 mm. Particle size reduction increases the available surface area and reduces the cellulose crystallinity. These parameters lead to the increase of hydrolysis yield by 5-25% and reduction of digestion time by 23-59% [Kratky and Jirout 2010, Rodrigues at al. 2017] . Although the efficiency of pretreatment has been widely confirmed through pilot or even full-scale studies, there is still conflict over the feasibility of the pretreatment from an economic point of view, due to its high energy or chemicals consumptions [Paudel et al. 2017 ]. Nevertheless, in order to achieve the second generation biofuel goal, it is beyond doubt that the use of a pretreatment is necessary to enhance the biogas production from agricultural residues with large content of lignocellulose.
The mechanical pretreatment is considered to be one of the most expensive processing steps in conversion of biomass to fermentable sugars. Reducing the energy requirements improves the whole process economics. Generally, the energy requirement of mechanical comminuting depends on the machine type and its variables, initial and final particle sizes, and the biomass characteristics, i.e., processing amount, composition, and moisture content. The right grinding solution depends especially on the moisture content in the biomass. Colloid mills and extruders are suitable only for comminuting wet materials with the moisture content over 15-20% (wet basis), whereas hammer and especially knife mills are suitable only for comminuting the dry biomass with moisture content up to 10-15% (wet basis) [Taherzadeh and Karimi 2008] . Pretreatment methods usually consume about 33% of the total energy demand. Thus, selection of an appropriate method for pretreatment would improve the whole process economics [Kratky and Jirout 2010] .
The organic loading rate has a significant influence on the stability of methane fermentation. The organic loading rate should be optimized to provide appropriate operational conditions for commercial scale reactors [Zhou et al. 2017 ]. Li et al. [2015] co-digested rice straw and pig manure with optimal organic loading from 3.0-12.0 g VS/(dm 3 •d), and a specific biogas production of 413 cm 3 /g VS was achieved the organic loading rate ranging from 3 to 8 g VS/(dm 3 •d). Even low changes of organic loads could affect the methane fermentation performance and stability. Thus, the aim of the present study was to investigate of mechanical pretreatment by crushing substrate on the methane fermentation of Sida hermaphrodita silage mixed with cattle manure.
MATERIALS AND METHODS
In the study, the influence of mechanical pretreatment of the substrate fed to a reactor with methane fermentation on biogas production was examined. The methane fermentation was performed in a bioreactor on fractional-technical scale. The bioreactor had an innovative design of the cage mixing system (Fig. 1) . The bioreactor has a tubular tank with internal diameter of 1.2 m and height of 0.4 m. The active volume of the bioreactor was 339 L. The operating height of 0.3 m was filled with anaerobic sludge. Above, the gas phase was present, in which biogas was collected. In order to provide the anaerobic conditions, the reactor was closed with a dome, which the side walls were located below the liquid level in the reactor. The mixing system of the reactor consisted of two cylindrical stirrers in the form of cage with diameter of 0.35 m. The cages simultaneously rotate around the axis of the bioreactor at against their own axes (Fig. 1) .
The substrate used in the study was Sida hermaphrodita silage. The average value of TS in the silage was 28%, volatile solids (VS) constituted 92.2% of TS and ash constituted 6.8% of TS, total nitrogen (TN) was 0.005 g/g, and COD was 1.547 g O2/g TS. The average value of total carbon (TC) was 0.413 g/g, and that of total organic carbon (TOC) was 0.382 g/g. In order to increase the moisture content, cow manure mixed with fresh water was added to the silage. The substrate dry mass was about 115.5 mg/g, whereas it consisted of 86% VS.
The experiments were divided into two series. In each series the bioreactors were operated at different organic compounds loading of 2 kg/(m 3 •d) -S1 (series 1) and 3 kg/(m 3 •d) -S2 (series 2). Hydraulic retention time in these bioreactors was 50 d and 33 d, respectively. The studies were performed for a 100 days in each series. The analyses of substrate and digestate were conducted twice in a week. The substrate was crushed before being introduced into the bioreactor.
The mechanical pretreatment was carried out with the Börger double-pack consisting of a Multicrusher and a Rotary Lobe Pump (Börger, Germany). The twin-shaft chopper has interconnecting cutting blades. Each shaft had eight individual blades with the width of 4 mm. The flow efficiency of the pump was 3-5 m 3 /h. The volume and composition of the biogas, the pH and the FOS/TAC ratio (explained below) were determined to monitor the anaerobic digestion process. The amount of biogas was measured with a mass flow analyzer equipped with a temporary flow rate and totalizer (Allborg). The quality of biogas was measured with an LXI 430 analyzer (GasData) and by using a gas chromatograph connected with thermal conductivity detector (GC-TCD) (Agilent 7890A). The FOS/TAC ratio was determined with TitraLab AT1000 Series Titrator (Hatch). The TAC value is an estimation of the buffer capacity of the sample, and the FOS value indicates the volatile fatty acids content. The biomass samples were tested for the content of TS and VS with a gravimetric method.
After testing for homogeneity of variance with Levene's test, the significance of differences between the variants was tested with Tukey's HSD test. Differences were considered significant at p < 0.05.
RESULTS AND DISCUSSION
In the study, the methane fermentation was investigated for different organic loading rates. When the substrate was mechanically pretreated, the daily biogas production at the organic loading rate of 2 kg/(m [2017] observed that reducing particle size from 2.0 to 0.2 cm increased the methane potential of 26%. The authors performed the biomethane potential test with 450 g of inoculum and 2.5 g of volatile solids (VS) of the substrate, which resulted in the primary organics loading of 5.5 kg/m 3 . The mechanical pretreatment probably shredded the lignocellulose to a considerable level so as to damage the intact plant's structure. However, the level of the enhancement of biogas production depends on the organic loading rate.
There were no significant differences (p=0.05) in the methane content of the biogas produced. In all experiments, the methane content in biogas was about 54%. On the basis of the presented results, the energy calculation of biogas was performed. Due to the high energy requirements for mechanical substrate pretreatment, the calculation of energy produced in the process and energy used for crushing was done ( Table 1) .
The highest energy was obtained from pretreated biomass in the reactor with the organic loading rate of 3 kg/(m 3 •d). The daily energy required for running the chopper was 75 Wh. Thus, the energy gained in both reactors operated under different organic loading rate was significantly (p=0.05) higher (of about 200 Wh) from the pretreated than untreated biomass. By application of the mechanical pretreatment to the biogas production, a positive energy balance was gained. Additionally, digestate after methane fermentation of chopped biomass has improved the rheological properties compared with the untreated biomass [Mbaye et al. 2014] . Moreover, mechanical pretreatment helps to avoid the clogging problems. Therefore, comparing with screw feeder commonly used in biogas plants, chopping seems to be an attractive alternative.
As expected, the higher content of VS in digestate was observed at higher organic loading rate. After fermentation under the organic loading rate of 2 kg/(m 3 (Fig. 2) . The degradation values of 50-55% were also noted from cattle manure and food waste by Morken et al. [2018] . Higher values of degradation at the organic loading rate of 2 kg/(m 3 •d) indicated that the organic loads could be increased. The same conclusion resulted from the FOS/TAC ratio analysis; however, the FOS/TAC ratio and pH in all experimental reactors indicated stable process performance. The FOS/TAC ratio in digestate from the reactors operated under organic loading rate of 2 kg/(m 3 
CONCLUSIONS
Efficient methane fermentation was obtained from mechanically pretreated substrate consisting of Sida hermaphrodita silage and cattle manure. Significantly higher (p=0.05) biogas production of 22% and biomass decomposition of 6% was noted from crushed substrate than from uncrushed substrate at the organic loading rate . By using a chopper for mechanical pretreatment, a positive energy gain was observed. Due to additional reduction of technical processing problems with mechanically pretreated biomass, crushing is a reasonable method enhancing the biogas production. 
